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We have propagated transverse sound in a magnetic field in the basal plane of UPt3, with the
polarization vector oriented both in the basal plane and perpendicular to it. We observe a strong
anisotropy in the magnetic field dependence of the attenuation for the two polarizations. Using a
simple phenomenological model, we can understand the low-temperature field dependence as a
natural consequence of the anisotropy with temperature in zero field reported earlier IPhys. Rev.
Lett. 56, 1078 (1986)l. However, for increasing temperatures there are significant deviations
from this model. In no case do we find evidence for new superconducting phases in a magnetic
field.
Propagation of sound in heavy-fermion superconductors
has received much experimental attention recently. '
The salient features observed in these experiments are the
various power-law dependences observed for the attenua-
tion of both longitudinal and transverse sound waves and
the peak in the attenuation observed near T, for longitudi-
nal sound only. The power-law dependences in particular
have been interpreted as proof for the presence of nodes in
the gap. However, the observation of a mere power-law
dependence in a physical quantity does not su%ce to define
the anisotropic state completely. It is more useful to seek
a direct manifestation of gap anisotropy by measuring the
same quantity in various directions. One such work was
the measurement of transverse sound reported in Ref. 3.
In this experiment an approximately linear temperature
dependence of the attenuation was observed when both the
wave vector and the polarization were in the basal plane.
However, a rotation of the polarization s alone by tr/2 re-
sulted in a superlinear temperature dependence of the at-
tenuation. It was suggested by Pethick and Pines that the
calculation of transport properties in heavy-fermion super-
conductors should be performed in the limit where phase
shifts due to impurity scattering are close to tr/2. Using
this suggestion, the attenuation of ultrasound was calculat-
ed in a self-consistent manner ' and the anisotropy of
transverse sound was interpreted as evidence for a polar-
like state with the lines of zeroes in the gap present in the
basal plane. A comparison of axial-like and polarlike
states has been made in Refs. 10 and 11, with different
conclusions drawn.
While it is likely that the controversy about the specific
nature of the gap state will continue for some time, it is
useful to further enumerate the anisotropic features of the
superconducting state in UPt3. In this paper, we report on
the anisotropy of the magnetic field dependence of trans-
verse sound attenuation. We can relate the magnetic-
field-dependent anisotropy to the temperature-dependent
anisotropy previously reported for zero field. Further-
more, we explore the possibility that the magnetic field can
inAuence the superconducting order parameter and induce
new forms of superconductivity.
In our work the wave vector q was parallel to the b axis
and the polarization s, was either along the a or the c axis
of UPt3. The magnetic field H was held parallel to q. We
note that the only difference between the two cases mea-
sured is the orientation of the polarization with respect to
the crystalline axes. The same physical sample was used
in separate runs with only the orientation of the quartz
transducer varied.
In Fig. 1 we show the increase in attenuation a as a
function of magnetic field H for the two polarizations stud-
ied at T=100 mK. For the orientation with ella, an in-
crease which starts linearly develops a pronounced curva-
ture for fields toward the upper critical field 0,2. Moti-
vated by an earlier theory' of sound attenuation in type-II
superconductors, we have been able to fit our results well
to the form b.a(H) —[1 —(1 —H/H, z)' ]. The values of
H, 2 deduced from such a fit are the sarge as those mea-
sured by us earlier. ' We find different behavior, however,
in the orthogonal case. For elle, the increase in attenua-
tion is consistent with a linear fit ha(H) —[1 —(1
—H/Hz)l all the way up to H, z.
In Fig. 2 we show the temperature dependence of the at-
tenuation measured on the same sample for which the
magnetic field dependence is shown in Fig. 1. Fitting the
results all the way from 0 to T, we find the best fit ex-
ponents 1.1 ~ 0. 1 and 2. 1 ~ 0.2 for the cases alla and sIlc,
respectively (solid lines). However, a word of caution re-
garding the power laws used is appropriate here. Theory
has shown that " the attenuation in anisotropic super-
conductors is only approximated by power laws. In addi-
tion, the power laws are dependent on the temperature in-
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state with the line of nodes of the order parameter present
in the basal plane. The theory is for impurity scattering in
the unitarity limit, the normal-state impurity scattering
rate ~„' being 0.02', ', where r, ' is the critical rate for
the vanishing of superconductivity. The agreement with
the experimental data can be improved if one considers the
possibility that a small part of the sample stays normal.
This introduces a small constant background so that the
theoretical curves are shifted up.
In analyzing critical field measurements in type-II su-
perconductors, it has been conventional for a long time to
plot the deviation of the observed results from the quadra-
tic dependence expected in a simple two-fluid model. '4's
Thus we may define the parameter 8,
Hc2 T28= — 1— (1)H„(0) T,2,
H/Hcz
FIG. 1. Increase in the attenuation of transverse sound at 132
MHz with magnetic field for both polarizations sllc and slla.
The line through the circles (gllc) is a fit to ha(H) a[1 —(1
—H/H, 2)] and the line through the squares (ella) is a fit to
a(H) b[1 —(1 —H/H, 2)' 2] with H, 2 2.4 T. a/ajv =T/T, o, alla (2a)
In the inset of Fig. 3 we show the quantity 8' obtained from
our critical-field measurements in the basal plane. ' We
note that at the lowest temperatures, T ~ 100 mK, 8= 0.
Using the measured temperature dependence in zero field
=(T/T, o), elle, (2b)
tervals used to fit the data and also the extent and nature
of the impurities present. This is substantiated by the con-
siderable variation in results obtained by different groups
for the attenuation of longitudinal sound. '
The dashed lines in Fig. 2 are the full functional forms
for the temperature dependence of the attenuation from
Schmitt-Rink, Miyake, and Varma, assuming a polarlike
ha/a~= 1 —[1 —H/H, 2(0)] ', gila
=1 —[1 —H/H, 2(0)], elle,
(3a)
(3b)
and with the reasonable assumption that the pair-breaking
magnetic field changes predominantly the zero-termpera-
ture values of a but leaves its slope with temperature un-
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FIG. 2. The temperature dependence of the attenuation nor-
malized to the value at T, for both polarizations elle and ella
measured on the same sample as in Fig. 1. The solid lines drawn
through the squares (slla) and circles (elle) are power-law fits to
the entire data in the superconducting state with best-fit ex-
ponents 1.1 and 2.1, respectively. The dashed line is the full
functional form for a polarlike state from Ref. 9.
FIG. 3. Increase in attenuation with magnetic field for sllc at
three diA'erent temperatures. The inset shows the deviation 8 of
the upper critical field from the behavior defined by Eq. (1).
Note that for the lowest temperatures T ~ 100 mK, 8=0, and
the increase in attenuation is nearly linear for H up to H, 2. But
at higher T and larger values of 8, a knee develops in the mag-
netic field dependence of the attenuation.
5374 B. S. SHIVARAM et al.
where ag is the normal-state value of a. At low tempera-
tures, where H, 2=H, 2(0), these expressions indeed de-
scribe the observed behavior without any adjustable pa-
rameter.
Our results for higher T are not so easy to understand.
The main part of Fig. 3 shows the increase in attenuation,
for the geometry with elle at three different temperatures.
The overall behavior is still described by Eq. (3), but at
T =300 mK the change in attenuation flattens already for
H & 0.8H, 2 and at T=400 mK it flattens for even lower
fields. This might be explained by the rounding of the su-
perconducting transition and the more complicated behav-
ior of H, 2. As shown in the inset of Fig. 3, the measured
critical fields deviate from the parabolic law [Eq. (I)] at
temperatures greater than T =100 mK. For these temper-
atures, the sample achieves its normal state for fields lower
than those given by Eq. (I), which necessitates rescaling
the magnetic field. We await detailed calculations of
sound attenuation in anisotropic superconductors in a
magnetic field for a more proper analysis.
Measurements of the ultrasound attenuation in a mag-
netic field have also been performed by Miiller et al. ' A
peak in the attenuation of longitudinal sound observed
significantly below FX,2 and hysteresis effects observed in
low fields in the superconducting state has been attributed
to the presence of two stable and one metastable phase in-
duced by a magnetic field. Such a variety of supercon-
ducting phases can arise only in the event of the angular
momentum I &0 for the Cooper pairs. ' If true, similar
structure should be visible in the attenuation of transverse
sound. In the present work neither a peak below H, 2 nor
any hysteresis effects have been observed. We also find
monotonic, reversible behavior for Hllc. We note that hys-
teresis in measuring attenuation in low fields has been seen
even in ordinary superconductors and the effect has been
attributed to flux pinning. ' It thus appears to us that
claims for the observation of more than one superconduct-
ing phase in UPt3 are presently unwarranted.
In summary, we have observed a unique anisotropy in
the magnetic field dependence of transverse sound attenua-
tion in UPt3, which depends purely on the orientation of
the polarization with respect to the crystalline axes. We
have shown that these observations are a consequence of
our earlier work which revealed an anisotropy of the tem-
perature dependence of the attenuation in zero field. The
application of a magnetic field either in or perpendicular to
the basal plane does not appear to induce new forms of su-
perconducting order.
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